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Introduction

Prior to 1960, selenium was important be-
cause of its uptake by selenium-accumulator
plonts and its subsequent toxicity to animals
eoting these plants. The first reports on the
nutritional importance of selenium were pub-
lished in 1958, and attention was then drawn
to another ospect of selenium.' The growing
incidence of nutritional musculor dystrophy
in onimals on improved pastures wos soon
identified os o selenium-responsive disorder
(Figure 1). Since 1hen, o lorge amount of fiter-
ature has accumulated on vorious aspects of
selenium in the soil-plant animal system. Re-
views include those by Alloway et al.,” Klay-
man and Gunther? the NRC,'* and Olg-
field.? This article reviews the rote of soit and
glonts in selenium cycling 1o 1he animel ond
the return of selenium to the sail,

Geochamistry

Selenium is wadely distribuled in trace
amounts in nearly oli matenals of the eanh’s
crust, having an average aburdarce of about
0.09 ppm.* Selemum is only seidom present
in concentrations greater than 500 ppm. 1t
15 rarely seen in its rative state {Se®) but may
be found n assoqianan witn sulfide ore
bodies. Duning volcame cctraty, large quann-
tes of se'erium escope gs h-gn-?aﬂcera?ure
volatile gases’; 1us 1IGreous rogss are usLGily
low in selemum. Hign cencertrergns of se-
fermium are fourd In searmentary reaKs SLCh
as shaies. witn lesser cancentrar ¢rs n serd-
stores. imesteres, and phosprernte recis.

Nearly 609 of all sedimentary rocks are
shales which in turn commanly contain the
highest concentrations of selenium. Values
range from less than 1 ppm seleniom to nearly
300 ppm sefenium in the black shales of Per-

mian age from Wyoming.! Approximately 2 -
ppm selenium occurs in the cretaceous pierre

shale, which is the parent material for much
of the seleniferous soil in the Morthern Greot
Plains of the United States and the Prairie re~
gion of Canada. These seleniferous soils may
concentrate the selenium to even greater
tevels upon additional weathering. Shales are
also the principal sources of selenium-toxic
sail in Ireland, Austrolio, Isroel, and several
other countries of the world.!

The relatively high concentration of seleni-
um in some phosphate rocks, porticularly
Western phosphates, is significant because of
the wide use of phosphate fertilizers. Robbins
and Carter suggested that normal super-
phosphate can be expected to retain about
&0% and concentrated superphasphate about
40% of the selenium in the original rock.* The
reduction in selenium retention results from
volatilization of selenivm during the smelting
process. .

Known depasits of selemum are insufficient
to permet miring just for the selenum. Most
commercially ovailonle selentum is extracted
from copper refinery slimes glong with the re-
cavery of cther pracious metals.' Total pro-
duction in tne free world was 1.1 million kg
in 1973, Selerium 15 ysed in the manufacture

‘of gless ond elecronic equipment-and as @

reagent in remedies for eczemas, fungus in-
fections, antidandruff products, veterinary
therapeutic agents, injectables, ond feed od-
ditives.

Selenium in Soil

The concentration of selenium in most soils
lies within the range of 0.} to 2 ppm; how-
ever, high concentrations up to 1200 ppm
total and 38 ppm selenium as water-soluble
selenate have been reported in seleniferous
areas of the world.%? Soils developed from
the ¢retaceous shale of South Daketa, Mon-
tana, Wyoming, Nebroska,- Kansas, Utah,
Colorade, and New Mexico tend fo have high
selenium values ranging from'2 to 10 ppm.

Low-selenium soils include those derived
from sedimentary racks that predate the major
cretaceous period, fike those in the north-
eastern United States.! Other low-selenium
soils include those in the Pacific Northwest
that are formed from recent volcanic ash de-
posits or loessiol material derived from the
ash. Soils in the very low-selenium region of
the South Atlantic seaboard are formed from
well-washed coastal deposits. The soil parent
matenals of the low-selenium areas in Mon-
tana and parts of ldaho are mostly derived
from granites and old metomorphic rocks.
Low total selenium concentrations occur in the
tertiary volcanic rocks of Arizona ond New
Mexico. Most of the soils from fow selenum
areas of the United States contain fess than
0.5 ppm selenium. Mony of these fow-se-
tentum areas correspond to oreas where
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Figure 1-The relationship of white muscle
disease fo the distribution of naturally occur-
ring selenjum in the United Stotes, ™

selenium-responsive disorders, like white
muscle disease, can oceyr {Figure 1). As with
other elements, though, the total concentra-
tion of selenium in soils shows litte relation-
ship to the concentrotion of selenium in plants
grown on those soils.® This is becayse
selenium in soil exists in several chemical
forms which differ widely in their solubiliy
ond ovailabilily 1o plonts. These chemical
forms are

Selenges, Se~? .

Elementat selenium, Se?

Selenites, Se(, -2

Selenates, 5eC.~? and

Orgome seleniym., 1o

The chemical farms of se'enium present in
sols ard seciments are closery related 1o the
ouidation-reduction patential grd pH of the
soil. Inorgaric selenrum exists in the salengte
or selerite form in gergred alegine sors, in

poorly cerated acid soils, inorganic seleniym
exists as selenide or elemental selenium, The
principal chemical reactions of selenium in
soils and weathering sediments have been
summarized in g schematic drawing by Alla-
way. " This wos later modified by Reuter” and
is shown in Figure 2.

Thus, soils wil be low in seleriom if formed
from parent moterials that gre low in selenium
under acid or alkaline conditions. The greater
the omount of rainfall and the more acid the
sail, the greater is the likelihood of extremely
low-selenium concentrations in the plants.!
In contrast, aerated, revtral-to-alkaline soils
are unlikely to produce selenium-deficient
plants.

Selenium in Wa ter

Selenium occurs as o minor constituent in
drinking warer in g concentration range of
0.1 10 100 ug/L.* Samples rarely exceed the
10 19/t upper Iimit established by the United
States Department of Health Education and
We'fare in 19421 Rivers drairing some of the
selenferous regions May cerramn considerabiy
high selenium leveis. frigation droinage

water from seleniferous sails has contoined
as much o3 2680 ug/L.! Very small concen-
trations of the element are found in lakes pos~
sibly because it is precipitated with oxides of
such metals as iron and manganese,

Recent studies have reported up to 4200
#g selenium/L in some irrigation drainage
water of the productive San Joaquin Valley, '?
The drainage water apparently  posses
through o seleniferous subsol strata and picks
up soluble selenium forms which are corried
into the Kesterson Reservoir negr Gustine,
California. The high-seleniym concentrations
are effecting signs of toxicosis in the focal
wildlife and water fowl.

Selenium in Piants

Rosenteld and Beoth'? ang Shrift'* divided
plants into three groups on the bosis of their
ability to accumulate selenium when grown
on high-selenium soils. The first two groups
of plants are referred to as sefeniym accumuy-
tator or indrcator plants. These grow well gn
sorl contarning high levels of available sefeni-
um and have been used to locate sel=niferqus
s0ils. Plants in Group 1 are called primary




Selenium in Soif and Plonts 7

ACIDWATERLOGGED 50I1LS

AERATED ALKALINE SQILS

ALLOTROMIC
ELEMENTAL

SELENIGES

sparingly wiluble ferric
hydrexide selenite
complexes

SELENITES

SELENATES

T SELENIUM

QOAGANIC AND
MICROBIAL SELENIUM

GRAZING

ANIMALS

PLANTS

Figure 2-The poshuloted cycle of selenium
in soil. The broken arrows indicate a process
leading to loss of "'biclogically octive’* se-
lenium.?

indicotors and include many species of As-
tragalus, Mochaeronthera, Hoplopappus,
and Stanleya. They normally absorb high con-
centrations of selenium, often several thou-
sand parts per million.

Plants in Group 2 are referred to as sec-
ondary selenium obsorbers. They befong to
a number of genera, including Aster, Astrg-
galus, Atriplex, Costillejo, Grindzslia, Gutier-
rezio, Machgeranthera, and Mentzelia. They
rarely concentrate more than a few hundred
paris per million of selenium. Fortunately,
plants in Groups 1 ond 2 are not generally
grozed under normal conditions,

Plants in Group 3 include grains, grasses,
and many forbs that do not accumulote se-
lenium in excess of 50 ppm when grown on
seleriferous soil,

Some plants growing on seleruferous soils
accumulote surprisingly low levels of se-
lerium. White clover { Trifolium repens), buf-
falo gross {Hilare telongen), and grame
{Bouteloua spp.) are poor accumulators of se-
lerum.' On the other bard, high-sulfur—con-

taining plants ke the Brossicas mustard, cab-*

bage. broccol, caulflower, and otner Cry-
oferae ¢re relanvely strorg ¢oneentrators of

selenium. Absorption of selenium and sulfur
may be correlated, '+
Of plants growing on moderately low-se~

tenium soil, alfalfa accumulates more seleni- .

um than does red clover {Trifolium protense
L.}, timothy {Phisum pratense L.}, or brome-
gross {Bromus inermis Leyss.). No definite
differences have been noted among species
growing on very low levefs of available seleni-
um. Crops growing on neutral or acid soil ab-
sorb very little selenium, and any attempt 1o
increase crop-sefenium uptake by shifting ta
some other species is not fikely to be success-
ful.** However, Dovies and Watkinson re-
ported that a marked difference in selenium
concentration between species was opparent
under New Zealand conditions of low-se-
lenium soil.'* The concentration was greatest
in a native grass (Agrostis tenuis Sibth.} and
least in white clover {Trifolium repens L.). The
selenium valves of orghard gross (Dactylis
glomerta L.} ond ryegrass {Lolium perenne
L.) fell bhetween the extremes.

The selenium in foroges and cereal grains
may not differ much among species in areas
where avalable selenium levels in the soil are
low. Selenium concentrations in legumes and
grosses vary when these plonts are grown
on selentum-normal soils; however, alfalfa
usually contains the highest level, and this
may be two to ten imes as much os is in the
gross forage.'! In oreas where soil selenium
levels are normal, wheat (Triicum aestirum

L.} grain hos been shown to contain higher
setenium concentrations than cats {Avena sg-
tiva L.} or barley (Horteum bulgars L.).

Selenium is not yet considered an essential
element for plant growth. Several early re-
ports indicated that selenium was an essential
element for the growth of certgin accumulator
plants. More recent studies have failed fo ver-
ify the beneficial effect of selenium in the arcy-
mulator plants. Alse, o growth depression
has been found in alfolfa and subterranean
claver (Trifolium subterroneum) when they
are grown in the presence of 2 ppm selenium
as selenite or selenate.’

.Shrift has summarized the findings on the
many chemical compounds of selenium iso-
lated from plants. ™ Much of the selenium in
nonaccumulating species is found in the form
of protein-bound selenomethionine. In con-
trast, the selenium in accumulotor plants is
mostly water scluble ond is not associoted
with the protein. Shrift noted some biochemi-
cal distinctions between selenium-accumulator
and selenium-nonaccumulater  Astragofus
spp.'* Selenium-methylselenocysteine was
found in much higher amounts in the accumy-
lator than in the nonaccumulator species,
Species from both groups methylate seleno-.
methionine fo selenium-methyl-selenomethio-
nine, but only the accumulators convert sele-
nomethicnine to selenohomocystine and
selenium-methyiselenocysteine. Another dis-
tinction is the existence of a lorge amount of
selenocystathionine in accumulotor species
and only trace amounts in nancccumulotor
plants.

The selenium metabolites in plants are
analogs of sulfur compounds. Neverthefess,
sefenium metabolism in plants cannot be iden-
tified from known mechanisms involving
selenium metabolism.™ Qur understanding of
the metabolic pathways for selenium in plants
remains very limited.

Many microorganisms con reduce sefenite
to elemental selenium, and some boacteria and
fungi have been found that reduce selenite
or selenate to volotile, organic setenium com-
pounds.'* Sulfur-selenium antagonism occurs
in the microorganisms, The reduction of
selenite is enzymatically mediated. It is now

known that many isolated enzyme systems

can utilize sulfur and selenium analogs inter-
changeably. What was traditionally thought
to be the mechanism of selenium toxicity,
namely, a general interference with the en-
zymes involving sulfur assimilation, has
proved to be more complex.'*
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Figure 3-Regional distribution of forages
and groin containing low (cross-hatched,
80% less thon 0.1 ppm selenium); varioble
{stippled, 50% greater than 0.1 ppm seleni-
um); or adequate {white, 80% greater than
0.1 pem selenium) levels of selenium in the
United States end Canodo.'

Selenium in Animal Feedstuffs

The selenium content of feedstuifs varies
with plant species and geographica! area of
production {Figure 3). The concentration of
selenium in the plont is determined not so
much by the amount of total selenium present
but by the availability of the clement in the
soil, In some areas of the United Stotes,
forages contain such high levels of selenium
that they cause selenosis in livestock {Figure
1), in other areas, the selerium concentra-
tions in crops ond forages do not meet animal

requirements., There are exfensive areas in the:

country where virtually all the ¢rops and
farages contain sufficient selenium 1o mee!
livestock requirements.

Fate of Fecal, Urinary,
and Pulmonary Selenium

Urine 1s the primary route of seleniym ex- -

cretion by monogastric animgls, regordless
of whether the selentum is given orally or in-

greenhouse. The authors noted that very little
of the selenium from TMSe + was absorbed
by pionts. In addition, some of the TMSe +
was lost to the atmasphere through volatiiiza-
tion from the plant. It is likely that the TMSe +
excreted in animal urine contributes fittle bio-
logically octive selenium to plants because it
is not metabolized. A portion of the TMSe +
added to soil wes volatilized, and this loss
was increased by liming.® In addition, 30 1o
$0% of the TMSe * added to several different
soils was fixed during o 21-day period. The
biologically inactive TMSe ¥ in urine plus the
stimulation of plont growth by the added ni-
trogen ond sulfete in urine may explain the
lowered selenium contents in grass at urine
patches.

Under certain conditions, significont quan-
tities of selenium ore eliminated as a volatile
compound having o garliciike odor, This is
dimethyl selenide, which is formed by methy-
leting selenite. The amount exhaled ncregses
with increasing selenium intoke and is greater
for orally administered selenite than selenate,
selenomethionine, or seleniferous wheot. 22

~ The formation of dimethyl selenide can be in-

jected. The main route of selenium excretion
in ruminants, though, is a function of the
method of administration end the age of the
enimal.* When selenium is ingested by rumi-
nants, most of it is excreted in feces. In con-
trast, selenium that is injected either introve-
nously or subcutaneously into ruminants is
excreted mostly in yrine, Lombs, ond presum-
obly calves, that have not developed rumen
function can excrete 66 to 759 of the orally
ingested selenium in the urine. Thys rumen
organisms undoubtedly cantribute to this age
effect. :

Nearly all of the selenium excreted in the
feces of ruminants is in insoluble form, and
very little is available for uptake by plants.
Peterson and Spedding showed that less than
0.3% of the selenium taken up by three
pasture plants originated from the selermym
contained in sheep manure. during o 75-day
study.' The manure was obtaned from
sheep dosed orally with isotopic-tabeled
selenite,

Trimethylselenonium ron (TMSe +) is an
important urinary selenium metabolire. When
added fo nutnent soiutions, TMSe™ was
readhly absorbed and translocared to leaves
ond stems, but not the gran of wheat,'?
Large differences were observed in selenuym
uptcke by barley, wheat, and olfaifa when
TMSe T was appliedin a sod-pot study in the

hibited by arsenite, cadmium, ond other
heavy metals. This method of selenium excre-
fion is an important mechanism by which the
animal eliminates selenium from the body.
The fate of the exhaled dimethyl selenide is
unknown. '

Selenlum Pollution

The amount of selenium entering the at-
mosphere from the burning of fossil fuel is
about six times grecter than that emitted by
mined ores.® The foct that selenium deficien-
cies in livestock occur in the northeastern
United States, where fossil fyel consumption
is high, indicates that airborne selenium mary
not be o mojor factor in environmental con-
centration of this element.

The applicotion of fly ash to soil, first as
a means of disposal, but secondly 0s a source
of some minerals, has been tested.24% Crop
yields were generaily unaffected, but seleniym
concentrations were elevated o levels that
were adequate for animal nutrition,
~ Volatile selenium compounds are naturatly
released as a result of biclogreal activity in
soil and water ecosystems. Dimethyl selenide
s the principol compaund released from soils,
lake sediments, and se;-rcge sludge by micro-
bial activity_* The same compound is relegsed
enzymatically from living plants. A wide
vartety of fungi, yeosts, and bacteria are
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known to methylate selenium into volatile
forms, the predominant one being dimethyl
selenide, which can now be measured in the
" atmosphere.? Crop plants can obsorb di-
methyl selenide from the otmosphere and

metabolize it, primarily to selenite ond se- -

lenomethionine. After that it is incorporoted
into cellular proteins.?*

Selenium os a Fertilizer

The clay fraction and organic matter con-
tent in soil play @ major role in the availobility
of selenium, especially selenite, which is read-
ily bound. ' Selenate is less readily bound and
is increasingly more soluble in finer-textured
soils or soils with higher organic matter, con-
centrations.' Selenate is usually absorbed
more reodily by plonts than is selenite. This
difference is ottributed to the relotive ease
with which selenite is absorbed to clay or re-
duced 1o elemental selenium. There is also
o probable difference in permeability ot the
root membrane. Sulfate, which exerts litile ef-
fect on selenite uploke, thaugh, influences the
absorption of selenate.??

The development of safe and effective op-
plications of sefenium fertilizer 15 plogued by
@ number of problems, First, there ore large
differences in the solubilities of the various
selenium forms. Second. changes may occur
in the volence stote of soil-opplied selenium
which in turn offects the solubility with time. 2
Third, there is not much ditference between
animals’ requirement of 0.05 to 0.3 and the
toxic level of 2 to 3 ppm selenium. A fourth
factor is the physical limitation of uniformly
distributing o lew grams of g solid fertilizer
over a hectare of lond.

The opplication of lime or companion fer-
filizers containing phosphote, sulfate, or nitro-
gen can also offect forage selenium concen-
tration in plants.®® These motertals moy con-
tain smoll amounts of selenivm, or they may
stimulate root growth ond subsequent uptake
of soil selemum. The author's experience,
though, is that the application of these mo-
terials often shmulates foroge yields, thereby
diluting tne selerum concentration,

References

The application of sulfate fertitizers can
simultoneously stimulate plant growth and
compete with soil selenate for absorption sites
on the root and transport mechanisms in the
plant. Increasing the concentrations of sulfur
in the forage clso has detrimental effects on

. selenium ovailability to the animal 33 |ntro-

duction of irrigation to previously dry-cropped
oreas is another production practice that usu-
ally reduces the selenium content of forages.

There is some risk associated with the ap-
plication of selenates 1o acid and neutrat scil.”

‘Becouse selenotes ore more stable in these

sois, the uptoke of selenium by plants is
greater than with selenite applications, ond
toxicities can occur. Experience has shown
that the use of selenate fertilizer results in
much higher levels (often toxic to animals)
of selenium in the first cut of forages following
fertilization. Selenium concentrations in the
forage then decrease sharply with each sub-
sequent harvest.? _ '

The addition of selenite to acid or nevtral
soils results in immobilization of some se-
lenium. This process includes sorption of sele-
nite, probobly by hydrous sesquioxides,
which reduces the soiubility of selenium to

plants sa that they can take up protective but

not toxic levels of selentum. The other major
process resulting in the immobilization of
selenium is the reduction of selenite to Se®,
selenide, or both. This reduced selenium ap-
parently is unavailable to plonts in the short
term, and its oxidotion to more aveilable
forms may be slow.%?

The cpplication of 10 g selenium/hectare
as selenite to pasture hos been suggested.®
The selenium is applied with a carrier fertilizer
such as ¢alcium ammonium phosphate, A
method now legally used in New Zealand is
the top dressing of pastures with selenium
prilis.”? ]

Coution must be used in fertilizing with
selenium to alleviate selenium deficiencies.
Inadvertent toxicities con occur because of
variohons in selenium availability ond uptake
from ditferent kinds of sail by many different
torage species.®

Summary

Reuter summarized the essentiol features

" of the selenium cycle in the soil as follows:?

1. in acidic, poorly gerated soils, selenium
is not available to plants and exists as in-
soluble selenides and elemental selenium.
It i5 availoble in aerated acid and neutral
pH soils where selenites form and in
veroted alkaline soils where selenates are
present. In some seils, organic selenium
may be oxidized to forms ovailable to
plants. Trensformations from one oxida-
tion state to ancther toke place slowly.

2. Elemental selenium is stable in soils but
can be slowly oxidized by microbiclogical
and chemicol processes, porticularly at
high pH.

3. The rate of reduction of selenite to ele-
mental selenium vories from soil to soil but
is apparently independent of pH. This re-
duction of selenite waould have important
short-term effects because reoxidation to
plant-aveilable forms is oppreciably
slower than the reduction process.

4. Selenites are strongly sorbed or occluded
by reactive iron oxides to form sparingly
soluble ferric hydroxide-selenite com-
plexes. These compounds are apparently
the predominant form of selenium in most
soils low in gvailable selenium.

5. Selenates form somewhat soluble salis
with cations present in olkaline soils and
con therefore be removed by leaching.
They can accumulate in the soil in arid re-
gicns. Selenates are not sorbed on reac-
tive iron oxides.

6. Biclogical processes can convert organic
sefenium to selenites and vice versa,
Selenates are slowly converted to orgonic
selenium.

7. Selenium is inefficiently absorbed from the
alimentary tract of cuminants, particulorly
ot low levels of dietary intake. Urinary and
fecal selenium are returned to the soil in
forms that are unavaitable to plants,
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